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J6 sailing upwind during testing 

Fatigue Prediction Verification of Fiberglass Hulls 

Paul H. Miller 1 

The growing use of marine composite materials has led to many technical challenges and one is predicting 
lifetime durability. This analysis step has a large uncertainty due to the lack of data from in-service 
composite vessels. Analytical models based on classical lamination theory, finite-element analysis, ship 
motions, probability and wind and wave mechanics were used in this project to predict hull laminate strains, 
and fatigue tests were used to determine S-N residual stiffness properties of coupons. These predictions 
and test data were compared against two cored fiberglass sisterships having significantly different fatigue 
histories and undamaged laminates representing a new vessel. Strains were measured while underway 
and good correlation was achieved between predictions and measurements. Fatigue damage indicators 
were identified which could be used in vessel inspection procedures. Endurance limits were found to be 
near 25% of static failure load, indicating that a fatigue design factor of four is required for infinite service 
with this material. Standard moisture experiments using boiling water were compared with long-term 
exposure. Results indicated the boiling water test yielded significantly conservative values and was not a 
reliable means of predicting long-term effects. Panel tests were compared with a combined coupon and 
finite-element procedure. Results indicated the proposed procedure was a viable substitute, at least for the 
materials studied. A rational explanation for using thicker outer skin laminates in marine composites was 
identified through single-sided moisture flex tests. These showed that the reduced strength and stiffness 
due to moisture of the outer hull skin laminate could be compensated by increased thickness. Although the 
resulting unbalanced laminate is not ideal from a warping standpoint, the approach leads to consistent 
tensile failure of the inner skin when subjected to normal loads. Permeability considerations make this 
desirable for hull laminates. 

Introduction 

COMPOSITE MATERIALS are used throughout the marine in
dustry for numerous applications, including hull shells, in-

ternal structure, superstructures, plpmg, shafts, founda
tions, ducts, and gratings. Most applications are in 
recreational and small commercial vessels, with composite 
use in offshore structures and naval vessels growing rapidly. 

1 Department of Naval Architecture & Ocean Engineering, United 
States Naval Academy, Aunapolis, Maryland 21403. 
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The history of composites in the marine environment is 
about 40 years old. During this time rules-of-thumb have 
developed that work adequately, if not conservatively, for 
long-term service. With the development of new materials, 
however, faster and more reliable methods must be devel-
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oped to characterize the durability of new composites for ma
rine use. For example, the first 30 years of marine composites 
were dominated by single-skin construction, but during the 
last two decades sandwich construction using lightweight 
cores has found increasingly greater use. This change has 
required a new, time consuming and expensive learning 
curve. Durability problems, particularly for below-waterline 
applications, have surfaced as the new construction process 
became widespread [1,2]. In addition to safety issues, current 
empirical methods often do not lead to the most weight
optimized structure [3,4]. 

Macromechanical stiffness analysis of multi-phase materi
als is well developed and is based on classical laminated plate 
theories developed by Timoshenko. They work adequately for 
most thin laminates [5]. Failure criteria exist for specific 
multi-phase materials such as wood, concrete, metal matrix 
composites and polymer based composites, and have greater 
uncertainty [5-9]. Due to the current marine industry focus, 
this paper limits its scope to polymer matrix composites us
ing fibrous reinforcements, with common examples including 
polyester resin and E-glass reinforcement laminates. 

This paper addresses the lack of durability data of a com
mon marine fiberglass by correlating current test and analy
sis methods with full-scale results. The correct use of this 
method will allow designers to more accurately predict fa
tigue effects, eliminating the use of somewhat arbitrary fac
tors included in the industry-standard design guides. The 
research program included the following steps: 

1. Review of appropriate materials, laminates, construc
tion and analysis methods representing past, current, 
and future industry trends. 

2. Selection of a representative material and application 
for verification. Determination of appropriate fatigue 
loading for the anticipated application through histori
cal review of the vessels' service lives. 

3. Verification and modification of current test methods to 
better reflect actual load conditions, including strain 
rate, moisture and boundary conditions. 

4. Correlation of test methods to numerical analysis and 
full-scale results. 

Current practice 

Materials 

Typical applications for marine composites include recre
ational craft ranging from sailboards and canoes to speed-
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boats and motor and sail yachts up to 160 ft [10], military 
vessels up to 180 ft [11,12], and components of offshore struc
tures [13,14]. 

Figure 1 shows an estimate of the 1993 marine market 
expenditure by government, commercial, and recreational 
segments [15-18]. An important point is that the cost data 
includes repairs, which skew the results towards the more 
expensive government and commercial segments as recre
ational repair data were not available. As roughly 80-90% of 
recreational craft are made of composites, it is likely that 
20-30% of the marine industry used composites in 1993. 
Trends indicate this is growing. 

Typical marine composite laminates consist of reinforce
ment fibers held in place by a resin matrix system. To in
crease flexural stiffness and strength in a weight-efficient 
manner laminates are often made as sandwiches comprising 
two reinforcement skins with a lightweight core. Numerous 
resins, fiber and core materials are used. The most common 
of each type are polyester resins, E-glass fibers and foam or 
balsa cores [19]. Until the last few years virtually all fabri
cation was in open molds, and that is still the most common 
method. Stricter air quality requirements are forcing a 
change to closed mold fabrication. 

Analysis methods 

Selected design methods are related to the types of loads 
encountered and the design complexity. Loads are applica
tion-dependent and many are variable and random, and as 
such, loads typically comprise the largest uncertainty in ma
rine design [20]. Table 1 shows common design loads for ma
rine composite applications [13]. 

Current design practice is often dictated by the require
ments of insurance acceptability or military standards. For 
the American designer of commercial or recreational craft 
this often means meeting the requirements of the American 
Bureau of Shipping (ABS) [21-23]. 

The marine composites designer is faced with numerous 
analysis techniques ranging from empirical "rules-of-thumb," 
to classification society rules and to advanced numerical 
modeling through finite-element analysis (FEA). The selec
tion of the appropriate method largely depends on the design 
complexity and owner's requirements. With the increasing 
power ofthe personal computer and the wider availability of 
sophisticated analysis software, more small craft designers 
are acquiring and applying sophisticated methods [24]. Al
though many small-craft designers use orthotropic plate 
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theory, carpet plots, or blended properties to determine lami
nate mechanical properties, stresses and strains [19,25,26], 
the most accurate approach uses classical lamination theory 
(CLT) combined with ASTM tests. CLT relies on Hooke's law, 
the linear stress-strain relations for an anisotropic material. 
For typical composite laminates this is simplified by using 
the plane stress and transversely isotropic assumptions [7]. 

"Failure" in marine composites relate to a loss of stiffness 
(generating too large deflections) or strength. Stiffness loss 
can generally be traced to two phenomena, microcracking 
and delamination [27]. Microcracking is the generation of 
small cracks in the matrix which cause discontinuity in load 
transfer, and delamination is the separation of adjoining 
plies or the skins from the core. Predicting "loss of stiffness' 
failure is only accomplished through prototype testing [28]. 
Strength failures are predicted through failure criteria such 
as maximum stress, maximum strain, Tsai-Wu [29] or 
Hashin [30]. 

Fatigue is the accumulation of stress-induced microcracks 
that gradually increase in size until large enough to cause 
fracture. Since fatigue is a cumulative process the onset of 
failure depends on the magnitude and number of cycles ofthe 
various stresses placed on the structure [31]. Two types of 
"fatigue" are generally encountered in marine composites. 
The first is dynamic or cyclic fatigue caused by varying loads, 
for instance, waves or machinery. The other is static fatigue, 
or creep, from resisting static loads over a long period of time 
(for instance, a response to the still water bending moment). 
For most primary structure applications in marine compos
ites, cyclic fatigue causes more damage [32]. Fatigue is a 
function of both in-plane and out-of-plane load components. 
As both generally occur in the linear range of material re
sponse, these components are usually combined through su
perposition to determine the stress amplitude range [8]. 

The basic method to include fatigue effects is to "reduce the 
material strength properties by a factor of 2 or more" [33]. 
Although still widely used today [19], this approach is a carry 
over from metal and wood fatigue tests and the resultant 
design standards developed over 30 years ago [25]. The as
sumption used is that the endurance limit (or "fatigue limit") 
is half of the static ultimate strength [33]. Any stresses en
countered below this level would not cause damage accumu
lation. For composites this is not a good assumption as the 
endurance limit is driven by the materials and fiber orienta
tion, and can range from over 65% to less than 25% [34]. The 
endurance limit is important for small craft as one primary 
stress inducer is wave impact, and many craft may see 107 

impacts in a lifetime. 
Two analytical methods are commonly used for fatigue ef

fects prediction. One is fracture mechanics, which looks at 
crack growth and the number of cycles for initial defects to 
propagate to a critical crack length that leads to fracture [31]. 
This method is gaining widespread use in metals, but is not 
yet developed enough for woven composite laminates [35,36]. 
The other method uses empirically-developed S-N curves 
combined with a damage accumulation model. 

The most common damage accumulation model is the lin
ear Miner Rule. In terms of expected damage for a probabi
listic stress life: 

E[D] I x p(s;)ds T·r --
o N(s;) 

where 
E[D] expected accumulated damage ratio 
T time at frequency r 
pes) probabilistic distribution of number of stress 

cycles at stress Si 

N(s) number of cycles to failure at stress Si 
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Usually failure is assumed to occur when D = 1, al
though for some marine composites tests have shown that 
failure actually occurs when the accumulated damage ratio is 
as low as 0.25 [8]. This implies stress sequence history can be 
significant for composites. This value is different from the 
limit damage ratio in Ref [31], which is used as a replacement 
criteria. 

Testing methods 

As full-scale prototyping is rarely possible, designers rely 
on data from standardized tests. In-plane tests include 
ASTM D 3039 (tensile), D 3518 (shear), D 695 and C 364 
(compression with and without cores). Out-of-plane fatigue 
testing is usually performed as a modification of the ASTM 
static tests for composites (D 790 3- and 4-point flex), or 
through the use of a specialized composite fatigue test such 
as ASTM C 393/D 671 [37]. Tests are run at as high a fre
quency as possible to reduce acquisition time. Dry testing at 
high frequencies, however, can cause accelerated damage 
due to heat buildup [28]. 

Application description 

Over a dozen vessel designs were considered for testing 
verification. The criteria included: availability of sisterships, 
clear fatigue histories, ability to strain gage the hulls and the 
ability to accurately model the vessel. Many of the designs 
were ruled out due to a lack of cooperation by the builders in 
providing construction details or a lack of documented qual
ity control. 

The selection of the J/24 was based on its availability 
through the strong support of OCSC, 2 the great support from 
the builder, TPI, the reduced crew requirements, and its 
widespread use internationally. 

Designed by Rod Johnstone in the mid-1970s, the boat is 
considered a one-design racer with overnight accommoda
tions for four. Although predominantly used for racing, sail
ing schools also use the boats for instruction and day char
ters. The major U.S. builder was TPI, Inc. of Warren, Rhode 
Island, who built 5186 boats, with the last one in 1995 [38]. 
Production resumed at a different U.S. builder in late 1999. 

TPI donated coupons and panels representing the hull 
laminate of a new vessel. The construction is polyester resin 
and E-glass (mostly mat) with balsa core. The inner skin is 
thinner than the outer skin. 

Service histories 

J/24 Class Association members assisted in locating a low
mileage and a high-mileage vessel. The two vessels, Imaji
nation and J6, have seen significantly different service. The 
procedure for each boat was similar: 

(a) determine how many hours of service the vessel saw, 
(b) correlate those hours to weather data (wind and 

waves), and 
(c) determine the number of strain cycles and ranges seen. 

J6, (the high-mileage vessel) entered the OCSC fleet as a 
new vessel in December 1984 and began operations in Janu
ary 1985. Detailed daily records of boat usage were available 
for January 1996 to June 1999 and were used to develop 
monthly totals for morning, afternoon and evening use. The 
data were compared to overall figures from 1985 to 1998, 
which indicated the annual usage was relatively consistent 

2 A sailing school in Berkeley, California, that operates boats on 
the Berkeley Circle, the roughest portion of San Francisco Bay. 
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Table 2 
1998 daily sailing hours for J6 

Hl!3S Hours I_I sed 

Month ,A,M pr',,1 EvelNioht total 
January' 6 16 ':J 

0..1 25 
February' 8 8 16 
rvl arch 1D 'in 

'<:0 38 
A,pril 32 57 4 93 
rvlay 26 48 3 77 
~Iune 28 34 5 67 
July 31 49 4 84 
,A,ugust :32 39 

,-, 
73 L 

Se ptetTlb er 26 46 6 78 
October 32 41 73 
["J o'ietTlbe r 24 4') '. 69 .,) 

December S 12 2D 
Totals 263 42D 3D 7 "1:3 

from year to year. Table 2 shows the amount of usage per 
daily time period and month for 1998, and is typical of those 
from 1996-1999. "AM" hours are 9 AM to 1 PM and "PM" 
hours are 1-5. "EveninglNight" hours are after 5 PM. Typical 
usage included sailing lessons, charters by members and the 
occasional special event. Only those hours spent underway 
outside the breakwater were included due to the calm condi
tions inside the harbor. Figure 2 shows the month-to-month 
usage of J6 from 1996 to 1999. The total predicted hours 
sailed since new is 11 300 with a coefficient of variation 
(COV) of 12%. 

The first "low-mileage" vessel tested was built in 1995. 
This vessel had been in a substantial collision, however, and 
was found to be less stiff than J6. Another low-mileage vessel 
was located. Imajination was built in 1981 and entered 
OCSC service in 1999. Her owner from 1993-1999 indicated 
she had been lightly used on a lake most of her life, and she 
had strong indications of little use. Using data from JlBoats 
market research of average owner's use, she was estimated to 
have seen approximately 740 hr of use, with a COY of 20%. 

Wind data were supplied by WindCall [39] which has a 
recording anemometer located approximately one-half mile 

120 

100 

II) ... 
80 ::I 

0 
::t: 
til 60 :E 

"iii 
en 40 
CQ -, 

20 

0 
>-
ro 
::I 
c 
ro -, 

~ 
ro 
::J 

.0 
Q) 

LJ.. 

.c 
() ... 
ro 
::2 

r----- -- ------
1--+-- 1996 1997 

Q) 
C 
::J -, 

downwind of the primary sailing location. Winds below 10 
knots were not recorded; however, this was not a problem as 
later analysis indicated the fatigue endurance limit was lim
ited to conditions where the wind exceeded 13 knots. 

The daily data files included time, lull wind speed, gust 
wind speed, and 15-min average wind speed. As the boat 
records indicated J6 only rarely sailed after dark «2%), the 
data were filtered to include only those wind readings taken 
between 9 AM and sunset. These data were then used to 
predict significant wave height, rig tension, boat speed and 
eventually local hull strains through finite-element analysis. 

Studies at U.C. Berkeley in the 1970s [40] showed the 
JONSWOP wave spectrum best approximates that found in 
the central portion of San Francisco Bay. This spectrum was 
developed for the shallow North Sea where the fetch is lim
ited but deep water waves can develop [41]. Although this 
spectrum does a good job for the deeper portion of the Bay 
(where the earlier study was located), the depth in the Berke
ley Circle averages near 10 ft, which gives a typical wave
length to water depth ratio of 2.4. This implies the wave 
dynamics follow an "intermediate-wave pattern" [42]. The 
U.S. Army Corps of Engineers extended the JONSWOP spec
trum for intermediate and shallow water effects [43], and 
their formulas were used to predict wave height and period. 

The number of stress cycles is primarily a function of wave 
encounter frequency, which is based on a ship's speed and 
course, and the time underway. To predict the J/24's speed 
under sail for a given wind strength the 1MS velocity predic
tion program was used [44]. The results and the input head
ings were modified by taking course and GPS data during 
actual sailing lessons. From these the course distribution for 
typical lessons is shown in Table 3. 

The wind speed, wave period, boat speed and heading dis
tributions were applied to the boats' hourly usage, resulting 
in predictions of 10.2 million wave encounters for J6 and 
600000 encounters for Imajination. Encounter frequencies 
ranged from 0 to 0.71 Hz. 

Testing 

The testing program included coupon, panel and full-scale 
tests. 
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Fig. 2 Month-to-month usage of J6 from Jan, 1996 to June 1999 
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Table 3 
Course distribution 

BeatilJ_q (true wind angle=45 deg) 
Reaching (true wind angle=90 deg) 

Broad Reachina (true wind anale=135 deal 

Coupon testing program 

60% 
25% 
15% 

The material testing program's goals were to: 

• Compare environmental testing approaches. 
• Determine the material properties needed for the finite 

element analysis. 
• Compare coupon and panel test methods to full-scale 

results. 

Environmental testing included submerged, relative hu-
midity and boiled conditions. Mechanical testing included: 

• tensile (ASTM D 3039), 21 specimens 
• compressive (seven with core: ASTM C 364) 
• compressive (21 without core: ASTM (Boeing Modified D 

695) 
• shear (ASTM D 3518), 21 specimens 
• flexural fatigue (ASTM C 393/D 90), 50 specimens 

Environmental testing-Small craft can be either "wet" or 
"dry" stored, depending on whether they are kept in the wa
ter permanently or just put in for the activity. To accurately 
model boats remaining in the water, test results providing 
weight gain and property effects caused by immersion were 
necessary. These tests also allowed for comparison of stan
dard industry approaches for determining moisture effects. 

The basic process through which moisture is absorbed into 
a polymer composite laminate can be described by Fickian 
diffusion. For a typical polyesterlE-glass marine-type lami
nate, the constants are close to Minitial 0.05%, Mmax = 
1.8%, Dx = 7 X 10-7 mm2s-1 [45], where M refers to the initial 
and maximum moisture content and Dx is the diffusion con
stant. Variations of 200% are relatively common for D x , and 
Mm appears sensitive to temperature, with increases of 2-5 
times for temperature increases of 10-50°C [45]. 

To determine the moisture absorption, six specimen sets 
consisting of two groups of three sets, (ASTM tensile, shear 
and compression specimen sets, all without cores) were ex
posed to moisture. One group was submerged in tap water 
and the other group was exposed to 100% relative humidity. 
Both were kept at room temperature. Each set had seven 
individual coupons. The moisture specimens were placed in 
the steam saturation room in 460 Davis Hall at the Univer
sity of California at Berkeley in early March 1998. A third 
group was kept dry. 

The specimens were regularly weighed and measured. Af
ter 226 days the specimens exposed to the relative humidity 
had gained an average of 1.32% weight, while the submerged 
specimens gained 1.72%. The coefficient of moisture expan
sion was 0.023%. The best-fit to Fickan diffusion gave Mi = 

0.07%, Mm 1.72%, Dx = 5 X 10-7
. 

To see the effect of sealing the edges on weight gain the 
relative humidity specimens were removed from the steam 
room and allowed to dry. After one month the weight had 
stabilized to the dry coupon weight and the edges were then 
lightly sanded and coated with epoxy. The sealed edge speci
mens were then submerged with the other specimens. Mter 
weighing on the same schedule as the origional unsealed 
specimens, the moisture absorption was found to be identical 
to the unsealed submerged specimens, indicating the edges 
were not a significant moisture absorption path in these un
cored laminates. 
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Tests were also performed to determine the effect of differ
ent moisture tests on strength. One batch of specimens was 
kept dry at room temperature. Another was kept submerged 
in tap water at room temperature for 15 months. The third 
batch was kept at 100% relative humidity for 15 months and 
then boiled for 24 hr. The boiling approach simulates a com
mon method for accelerated aging. 

The boiling water specimens showed different tensile 
strength and physical properties from the long-term sub
merged specimens. After boiling, the specimens were uni
formly a lighter shade of green, indicating some change in 
their physical characteristics. In addition to the lower tensile 
strengths than the wet specimens, the boiled specimens also 
exhibited lower levels of audio response. Whereas the dry 
and wet specimens typically reached a point of 5500-6000 psi 
before continuous "pinging" was heard, the boiled specimens 
reached this level at 4000-5000 psi. This could be a sign of 
greater brittleness in the resin causing early microcracking. 
It appeared that using the boiling water test applied an extra 
level of conservatism in the physical properties. 

Tensile test results-Twenty-one test specimens were 
tested for tensile strength and modulus using ASTM D 3039. 
The specimen dimensions were 1 in. wide by 10 in. long (ap
proximately 0.15 in. thick) and were tabbed with two layers 
of DB170 (17 oz/yd2 ± 45° E-glass fabric) on each side within 
1 in. of the ends. Three of 21 specimens broke in the grips. 
Fifty percent of the specimens broke in the middle and the 
remaining within 1 in. of the tabbing. Table 4 shows the 
results. 

Shear tests-Twenty-one test specimens were tested for 
shear strength and modulus using ASTM D 3518. The speci
mens were the same as the D 3039 specimens with the ex
ception that the cloth layer was laminated at 45° to the pull 
axis. Table 5 shows the results. 

Compression tests-Twenty-one uncored and seven cored 
compressive specimens were tested using the ASTM (Boeing 
Modified) D 695 (without core) and ASTM C 364 (with core) 
test standards. The uncored specimens were subjected to the 
same environmental conditions as the tensile and shear 
specimens. The cored specimens were tested dry. Modulus 
was measured by the crosshead movement and checked with 
strain gages. 

The difference in the two test standards relates to the like
lihood of buckling as a failure mode. In the case of the sand
wich laminates the core helps stabilize the specimens. To 
compare the two methods the uncored specimen values were 
compared to the failure stress ofthe cored specimens with an 
allowance for the core removed, making the assumption that 
apart from buckling resistance, the core provided negligible 
compressive strength. The cored specimens had a normalized 
compressive strength 20% less than the uncored. Table 6 
presents the uncored compressive test results. 

Again the wet specimens showed a significant drop in prop
erties. Of interest is the difference between the tensile and 
compressive strength values, with the compressive strength 
more than twice that of the tensile values. This is probably 
due to the very low fiber volume (-25%) in the laminate, 
making the laminate act more like a resin than a glass com
posite. 
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Table 4 
Tensile tests results 

.Ave Tens Str. '1:) dlf Ave Tens Mod % eilf 
kSI mSI 

113 1.19 
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8.6 -24% 103 -13'10 
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Table 5 
Shear tests results 
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Static flexural coupon testing-Static flexural testing was 
performed to determine the out-of-plane properties, validate 
the FEA, compare test methods and create a baseline for the 
flexural fatigue tests, These tests are important as out-of
plane loading is the significant loading for small craft [33], 
and flex tests are often used to qualify small craft laminates 
[19], Flex testing included both 3- and 4-point tests based on 
the commonly used ASTM C 393 (sandwich) and D 790 (un
cored) standards. 

The first tests included 3- and 4-point ASTM C 393 tests to 
determine the test effects on predicted properties and select 
the method for the fatigue testing. The COV for the 3-point 
tests was 13% and for the 4-point tests was 4.2%. Because of 
this and the greater ease of strain gaging, the 4-point jig was 
used for subsequent tests. 

When the specimen length changes, the ratio of core shear 
loading to face sheet loading also varies. In general, the 
longer the span, the higher the bending moment and the 
higher the skin stresses. This better approximates the in
service conditions where the supports are the bulkheads and 
frames. In the 3-point testing the 12 in. specimen tested us
ing ASTM C 393 resulted in a suggested 8 in. span and 16:1 
span-to-depth ratio. The 4-point tests were initially set with 
quarter-point spacing and a 14 in. span. In the test batch one 
specimen broke by core shear, so the span was increased to 
16 in. All subsequent failures were on the tensile face due to 
the thinner inside skin laminate. Figure 3 shows the 4-point 
test jig with a specimen. 

Comparing the results to the tensile tests gives an indica
tion of the grip effects. The predicted tensile face failure 
strains in bending were 0.95%, compared to 0.93% for the 
tensile tests. 

As the vessels live in the water a comparison of wet and dry 
material properties was required. This meant that the outer 

Fig. 3 Four-point flex jig 
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hull laminate needed to reach submerged moisture equilib
rium while the inner skin reached equilibrium based on a 
high relative humidity. To accomplish this the specimens 
were soaked in a pool of water equal to the thickness of the 
outer skin. To avoid moisture absorption into the balsa core 
the exposed balsa was coated with lacquer and varnish. This 
provided a waterproof yet flexible coating that would not in
crease the specimen stiffness or strength. After two months 
of soaking, mildew was present on the specimen edges, but no 
discoloration or soaking of the balsa was observed. Using a 16 
in. span, 4-point jig, the dry specimens' static ultimate 
strength was 11 000 psi versus 10 800 psi for the single-sided 
wet specimens, a decrease of 1.8%. The COV for both sets was 
18%. The flexural modulus was the same for both at 1.16 msi 
(106 psi), with a COV of 8% for the dry and 1% for the wet 
specimens. 

It is interesting to note that the failure of the wet speci
mens was not significantly lower than that of the dry speci
mens. Although previous tests showed that all material prop
erties decreased as a result of submergence, for this laminate 
where the outer skin was substantially thicker than the in
side laminate the primary failure mode of both the dry and 
wet specimens was tensile failure of the (dry) inner skin. 

Flexural fatigue testing-A 4-point test jig was designed to 
cycle up to 50 specimens at one time. Each batch of 10 was 
deflected to a percentage of the maximum static deflection 
corresponding to stress ranges of 12.5%, 25%, 37.5%, 50% 
and 75% of dry static strength. Results from these tests 
yielded a stiffness-based S-N curve. The drive motor was a 
Baldor 5 HP, 3-phase "SmartMotor," which included a built
in controller. In-service modifications included removing the 
cams for the 75% and 50% load cases. This was done and due 
to the relatively low number of cycles-to-failure these speci
mens were more efficiently tested on the Satec 50UD ma
chine. 

The wet specimens were tested out of the water, although 
they were run for a maximum of 6 hr each day. The remain
ing time was spent soaking. Given the low moisture diffusion 
rate, this was not expected to cause a significant deviation 
from a fully submerged condition. Indeed, on more than one 
occasion visible moisture was still apparent on the compres
sion (upper) surface after 6 hr of testing. 

One decision concerned the frequency of loading. Too high 
a loading rate would cause the specimens to generate high 
internal heat, which would reduce the predicted strength as 
the temperature approached the heat distortion tempera
ture. Numerous researchers have looked at this problem and 
have determined the upper bound as 10 Hz for similar ma
terials [6,34,46]. One difference from their tests was that 
their materials were not cored. As the core would provide 
insulation, the risk of heat build-up was present. 

The "ideal" situation would be to test the materials at the 
maximum wave encounter frequency [32], which for a J/24 on 
Berkeley Circle was 0.71 Hz. This would duplicate as close as 
possible the actual loading conditions, but would signifi
cantly increase testing time. The practical solution was to 
use a thermocouple to measure the temperature. The fre
quency was increased until the surface temperature at the 
loading points increased slightly over room temperature. The 
maximum frequency was 5 Hz for the lowest loaded speci
mens and 0.5 Hz for the specimens cycled at 75% ofthe static 
load. Although the low-cycle load frequency was lower than 
that in the field, this was not a concern as the heat build-up 
in the field was considered negligible due to normal cooling 
from the water and the short duration. 

To relate the stiffness measured in the J/24 to the samples, 
the residual stiffness was calculated after a given number of 
cycles at the various stress levels. The stiffness measure
ments used a force control limit of 30 pounds, which equaled 
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the 12.5% loading level. Figure 4 shows the effect of multiple 
cycles of the hull laminate. In the plot the stiffness is nor
malized to the single-cycle dry stiffness at that percent load 
stress. The COV for all the measured stiffness of a given test 
group ranged from 2% to 6%. In Fig. 4 the wet and dry speci
mens of each load have the same color and marker type, with 
the wet specimens having dashed lines and hollow markers. 

The results indicate some general trends. First is the in
fluence of moisture on the outer skin. All the single-sided 
moisture exposure specimens had lower initial and final stiff
ness values than the comparable dry specimens. This was 
due to the reduced stiffness values on the moist side. The loss 
of stiffness, however, was not significantly different between 
the wet and dry specimens. This was likely caused by the 
consistent tensile failure of the inside skin. This was due to 
the lower tensile versus compressive strength and location of 
the neutral axis nearer the thicker outer skin. 

The progression to failure included an initial audio re
sponse combined with whitening under the cloth layer (the 
outer layer ofthe inside skin was cloth, the inside layers were 
mat), followed by whitening of the cloth layer. Failure tended 
to occur when the flexural stiffness dropped about 25% from 
its initial value. In some cases (most notably the 50% dry 
specimens), the stiffness stabilized while crack size propa
gated. 

Failure initiation occurred randomly throughout the con
stant moment section, and no influence of edge effects or load 
points was seen. 

Panel testing 

The panel testing program's goal was to compare FEA pre
dictions based on coupon tests with actual panels. This had 
two intentions. First, it would give a good indication of the 
FEA's accuracy to predict full-size vessel responses and in
dicate whether linear or nonlinear analysis would be re
quired for sufficient accuracy. The secondary goal was to de
termine if FEA combined with coupon test results could be a 
viable substitute for panel test methods. 

Testing included pressure loading a panel that had mois
ture conditions representing a boat that is either wet or dry 
sailed. This had the inner skin dry (80-100% relative humid
ity) and the outer skin either wet or dry. As with the flexural 
specimens the balsa edges were sealed with lacquer and var
nish to prevent moisture entering the core or inner skin and 
the panels were soaked for at least two weeks in 0.1 in. deep 
water (the outer skin thickness is 0.095 in.). The boundary 
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conditions were simply-supported around the perimeter. To 
allow the specimen to overhang the edges the restraining jig 
was made 23 in. square. 

A normal pressure load was applied from 0 to 15 psi and 
string pots measured the panel center point and frame de
flections. A strain gage also measured the center strain. The 
jig was clamped to a rigid steel base with a pressure bag 
placed between the base and the panel and the panel lying 
between the bag and the jig. Figure 5 shows the panel jig and 
Fig. 6 shows the strain and deflection plots. In Fig. 6 the 
deflection curves are the upper plots. 

Full-scale testing 

Underway testing included sailing the vessels upwind 
(close-hauled) and downwind (broad reaching) in San Fran
cisco Bay on both tacks and recording the data. The course 
took the boats from Buoy F (leeward) to Buoy G (windward) 
in the Berkeley Circle. This placed the testing directly up
wind ofthe Point Isabel WindCall station and at the northern 
edge of the Berkeley Circle. The same helmsman, sail trim
mers and crew were used for both boats, minimizing the 
variation in sailing techniques. On each leg the crew posi
tioned themselves in the same location to minimize differ
ences in righting moment. The frontispiece shows J6 sailing 
upwind during testing. 

Mter the first boat recorded about 20 min of data, the 
acquisition system, crew and sails were moved to the other 
boat and testing repeated. This ensured the testing was com
pleted in as near identical conditions as possible. The first 
data set was taken between 1:15 and 2:30 PM. The second 
was taken between 3:30 and 4:30. Figure 7 shows the Pt. 
Isabel WindCall plot for July 20 [39]. The plot shows similar 
average winds during the two test periods although the gust 
peaks were higher at the end of the first period. The higher 
average wind speed between the test periods may have 
caused an increase in wave height. Photos of the testing, 
however, did not indicate a change in wave height. 

Data were acquired on a laptop and included vertical ac
celerations at Station 3.5 and strain gage data from six loca
tions (four hull and two rig). Figure 8 shows the strain on the 
inside hull laminate (on and off centerline, the upper data are 
the off-centerline plot on the leeward side). The peak strain 
was 0.136% for an average wind speed of 14 knots. In both 
plots the peak period closely corresponds to the predicted 
wave encounter period. 
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Fig. 4 Stiffness S-N curves for J/24 hull laminate 
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Fig.5 Panel jig showing strain gage and string pots (10 psi) 
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Correlation with numerical models 

Finite-element analysis (FEA) has rapidly grown in its use 
as a design tool for marine applications where structural 
complexity and a requirement for accuracy precludes the ef
ficient use of closed-form solutions. The goal of using FEA in 
this project was to validate its use when correlating between 
coupon and panel tests and actual vessel performance. This 
confidence would then allow for FEA strain prediction to be 
used in fatigue analysis of composite vessels. 

The greater potential accuracy of FEA over other design 
methods can drastically reduce the level of uncertainty when 
used properly. Designers must always remember the limita
tions of FEA, however, and avoid problems such as those 
cited in Sleipner A [47]. For example, composite vessel global 
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FEA does not accurately model joints and the designer must 
analyze these separately or include adequate factors of 
safety. The commonly used plane stress elements also are 
limited to in-plane stress results, ignoring dominant failure 
modes in core materials. In all cases it must be remembered 
that FEA assumes a materal continuity in both geometry and 
material properties. "Low-tech" composite materials have 
large enough manufacturing variances that this assumption 
is often suspect. Property COV's of 10% are common in many 
low-tech laminates [8,19,25,48]. 

Due to the complexity of the structural system, FEA was 
used extensively in this project to correlate and predict 
strains. This included coupon, panel and full-scale vessel 
analysis. The primary FEA code was an off-the-shelf code 
(COSMOSIM) and was verified using standard element ro
bustness and accuracy checks [49]. In addition to the Tsai
Wu criteria [29] included in COSMOSIM, post-processing us
ing the Hashin failure criteria [5] and the fatigue analysis 
were performed using spreadsheets. 

The software was limited to three element types for com
posite analysis: linear plane stress, nonlinear plane stress 
and solid. All use CLT as the basis for their element stiffness 
calculation and the determination of directional stresses and 
strains. The plane stress elements are based on Mindlin 
shear deformation theory [50]. The difference between the 
two plane stress elements is that the nonlinear element al
lows for nonlinear in-plane shear deformations. The solid el
ement allows for linear out-of-plane shear deformations. The 
analysis itself could be either linear or nonlinear, with the 
nonlinear effects oflarge deformation and modulus included. 

The material properties derived from the coupon tests de
scribed previously, and shown in Table 7 were used as inputs 
to the FEA. 

Coupon FEA 

The tensile, shear and compressive models used 2-D lam
inated shell elements. In general the FEA predictions for 
stiffness and strength were within 5% of the measured val
ues, with the exception of the tensile specimen model which 
underpredicted the strength by 13%. This was likely due to 
the grip effects which caused a stress concentration at the 
edge. This lowered the average strength values used in the 
FEA. 

The flexural models mainly compared the different ele
ment formulations. Initial results indicated the FEA signifi
cantly underpredicted both the deflections and the strength. 
One cause was the boundary conditions which were initially 
modeled as fixed on one support and pinned (free to slide 
laterally) at the other. When the sliding pin had friction ef
fects added (the measured coefficient of friction between the 
steel rod and the boat cloth surface was 0.43) the stiffness 
accuracy increased to within 3%. The strength issue was 
largely due to the inherent uncertainty in the tensile testing 
which provided the material property input to the flexural 
FEA. 

Another reason for the strength disrepancy is the way the 
FEA shell elements are formulated in COSMOSIM. Linear 
shell elements tend to underestimate membrane stresses 
when the deflections are greater than the thickness of the 
laminate, leading to larger predicted deformations [49]. Ad
ditionally, although the elements include bending and some 
membrane stresses (through an in-plane stiffness addition 
term), the linear shell elements used in COSMOSIM are 
based on Mindlin rather than DiScuiva [51] formulations 
that better account for the core contribution. Regardless, the 
final difference of 6% for the linear analysis and 4% for the 
nonlinear analysis with the shell elements is sufficient for 
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Fig. 8 Inside hull laminate strain gage data from underway testing of J6 

Table 7 
Final material properties for J/24 FEA 

Material Gel coat 1 50z tv' at 2,415 Balsa 
Fabrn at Core 

FEA, tv' PROP# 1 " " 4 L ~, 

Ex, Ey [IE.I] 4DCI ,UOO D20,ClOO 1,40D,000 25,00D 
Ez [psi] 4:00,000 4!:J0 ,DOD 490,000 :370,000 
nuxy 0.:300 0.:361 0.108 o .:3UO 
Gx'y [pSI] 245,000 437,500 700,000 10,000 
Gxz, Gyz [psi] 245,000 4:37,500 70D ,000 1 :3,ODO 
Xt, Yt [pSI] 11,000 9,4 'l. 7 30,300 1,320 
Xc, Yc [psi] 18,000 21,238 24,000 1,187 
XYt [pSI] 6 ,CICIO 4,928 14,000 315 
Ply thickness [in] 0012 0047 0.073 0.3 6 5 
DenSity [I bf in3] 0.0400 CI .0570 0.0 5 DO 0.0048 
DenSity [rn ass] 1.04E-04 1 ABE-04 1 53E-04 1 .24 E-O 5 
Failure Strain 2.2% 1.0% 2.20/0 5.3 qJo 

most engineering applications as long as it is included in the 
reliability analysis. 

Panel FEA 

Panel finite-element analysis was performed with two 
goals in mind. The first was to determine the mesh density 
needed in the global model, and the other was to correlate the 
panel tests to the FEA results. This test program also served 
as a "bridge" of test results between the coupon and full-size 
testing. 

The mesh verification consisted of refining the mesh until 
the panel deflections were within 1% of the closed form so
lutions. This occurred when 10 elements were used between 
supports. 
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Fig. 9 Displacement plot of FEA panel model 
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Initial panel linear FEA matched the measured panel de
flections up to 25% of the failure strain. Although potentially 
sufficient for modeling high-cycle fatigue, greater accuracy 
was desired. Nonlinear geometric analysis increased the ac
curacy to about 50% of the failure strain. As the stiffness was 
over-predicted but the curve's shape was correct, the feeling 
was that the deflections in the aluminum frame might be 
causing the error. Figure 9 shows a typical displacement plot 
of the FEA model with the frame. The panel and frame ele
ments were connected through coupling equations that al-

lowed for relative rotations but no translations by the panel 
into the frame. This duplicated the simply-supported bound
ary conditions in the original panel models. 
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Figure 10 shows the predicted and measured displace
ments and Fig. 11 shows the measured and predicted strains 
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Fig. 11 Measured and predicted strains in J/24 hull panel 

for the panel. As with the deflections, the correlation between 
this model and the wet and dry strain measurements was 
excellent. This illustrates the importance of boundary condi
tions in panel tests and in correlating measurements to FEA 
predictions. 

The nonlinear analysis also included a progressive ply
failure routine, which is reflected in the jump in deflections 
near 11 psi on the nonlinear "frame and panel" curve in Fig. 
11. As with the linear analysis, initial failure was predicted 
in Ply #7, a mat ply that was not the ply farthest from the 
neutral axis. The nonlinear analysis increased the failure 
limit by roughly 50%, illustrating the importance in design of 
using the appropriate analytical tools. As the actual panels 
did not fail at the point predicted by the nonlinear FEA, and 
due to the test machine's limit of 15 psi, the error in the 
analysis is not known. As with flexural coupons the error is 

OCTOBER 2001 

likely caused by the too low strength values obtained from 
the tensile tests. 

The panel studies illustrated a number of important ele
ments in marine composites design. One was the effect of 
large deformations combined with selecting the proper finite 
element parameters and analysis models. The need for non
linear responses from both strength and deflection criteria 
are not addressed by the linear beam and panel models used 
in many design codes and in practice. Additionally, the com
plex nature of coupled response caused by the typically un
balanced marine laminates negates the use of any "blended 
properties" structural methods. Finally, the combination of a 
low-strain-to-failure material such as chopped mat in an in
ner ply, when used with a higher strain material (cloth) as 
the outer ply, illustrates the potential case where the outer 
fibers are not the first to fail in bending. 
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Global model FEA 

Full-scale results relied on a global model of the J/24. This 
was compared with results from the coupon and panel tests 

and data from the on-the-water testing. The model repre
sented an unfatigued vessel where the outer, submerged hull 
laminate had reached moisture equilibrium. The global J/24 
FEA model was developed using construction drawings and 
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data provided by TPI and boat checks performed at OCSC. 
All structural components were modeled and all weight items 
were included. The meshing for composite materials used 
laminated shell elements, with 95% quad elements and 4% 
triangular elements. The triangular elements were used to 
transition the mesh density. Isotropic materials used regular 
shell elements. Some rigid bar elements were used to connect 
a mass node simulating the center of gravity of the lead keel 
to the composite keel stump. Mass nodes were also used to 
represent other heavy, nonstructural components such as the 
rudder and outboard motor bracket. The mainsheet traveler 
and jib tracks were modeled using beam elements as detailed 
stresses were not needed for these components. The mesh 
density was increased in the slamming area. The model in
cluded 8424 elements. 

Numerous model validation checks were made prior to the 
final sailing tests. The last check included a dockside test of 
each boat where rig loads were applied and strains and de
flections were measured. The general approach used a tight 
string led between the bow and stern pulpits and alongside 
the mast. As the boat bent the string moved up the mast, 

Table 8 
Predicted and measured stiffness reduction for J6 and Imajination 

Predicted Stiff Reduction 

Global "stn 
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providing an easy comparison to the FEA predictions. The 
simple string test correctly modeled the loss of stiffness 
trend, but over-predicted the amount siguificantly. As the 
string test included components not modeled by the FEA or 
measured by the strain gages, such as the mast and pulpits, 
the higher deflections are not surprising. For those wishing 
to determine if their vessel has lost stiffness, the simple 
string test, by amplifYing the results to a level measurable by 
common tools, is a viable option. 

Figure 12 shows the undeformed and deformed models. 
The lightly used boat was 14% less longitudinally stiff than 
predicted for an unfatigued boat and the heavily used boat 
was 52% less stiff. 

The final FEA was to compare the vessels' predicted bend
ing response in the wind and sea conditions seen during the 
on-the-water testing to measurements taken from the strain 
gages. Rig loads were based on an equilibrium analysis using 
the windward shroud and forestay strain gage readings as 
the primary inputs. Hydrostatic loading was based on wave 
elevation profiles scaled off photographs of the boats sailing. 
Hydrodynamic slamming loads used the Von Karmen pres
sure equation with the vertical acceleration components de
rived from the accelerometer data. The area subjected to 
slamming was based on analytical and experimental studies 
of sailing vessels [52,53] combined with photographs of the 
testing. With significant dynamic (transient) pressure loads 
the FEA analysis needed to match the vertical and rotational 
accelerations experienced by the vessel and eliminate exces
sive boundary condition reaction forces. 
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To generate the strains seen by the vessels in different 
wind and wave conditions the analysis was performed for 
wind speeds of 12.5, 17.5 and 22.5 knots. A second-order 
curve was fit through the strain predictions for intermediate 
winds. 

Figure 13 shows the inner and outer layer strain plots 
resulting from the slamming. The 17% greater strain on the 
inner skin was due to the combination of the unbalanced 
laminate construction and the superpostiion of rig and wave 
loads. 

The maximum predicted strain for the 12.5 knots of wind 
and 1 ft seas was 0.12%. As the failure strain is 0.93% for the 
dry condition and 0.90% for the wet condition this means that 
in moderate conditions the hull is routinely seeing strains 
equal to 13% of failure strain. As the flexural fatigue experi
ments presented previously showed, the endurance limit was 
between 12.5 and 25% of the failure strain; this means no 
significant fatigue would occur on J/24's sailing in wind 
speeds below 12 knots. 

To model the maximum conditions routinely seen by the 
vessel, 22.5 knots and 2 ft seas, the vessel was heeled 25 deg 
and the freeboard forward was 6 in., corresponding to the 
bow nearly burying itself in a wave. Freeboard aft was 
greater, with the transom bottom submerged only 2 in. 
Again, these wave surface elevations were scaled off photos 
and the model was balanced for instantaneous equilibrium. 
Figure 14 shows plots similar to those presented for the 12.5-
knot condition. In the stronger conditions the maximum 
strain was 0.214%, corresponding to 24% of failure strain. 
Based on the flexural fatigue coupon results, fatigue will oc
cur. 

To develop the stress response distribution, models were 
run for wind conditions ranging from 10 knots to 25 knots. 
Corresponding to the wave height distributions the stress 
distribution was grouped in 5 knot increments with the mean 
stress at the middle ofthe range (i.e., 12.5 knots, 17.5 knots, 
22.5 knots). The maximum strains, as a percentage offailure, 
were 13%, 19% and 24%. 

Cumulative damage correlation 

The final step in determining and correlating the predicted 
stiffness reduction was to discretize and solve for the total 
stiffness reduction. Recalling that the total expected damage 
during Tis: 

E[D] = T. ffoo pes;) ds 
o N (sJ 

Replacing the continuous probability distributions with 
discretized distributions this becomes 

where 

D 
p( 

f 
m 
U 
Uw 

Ts 
n(st) 
N(st) 

accumulated damage ratio (stiffness or strength) 
probability distribution function result for that 

component 
heading angle relative to upwind 
monthly usage 
boat speed (ws refers to wind speed) 
wave speed 
significant wave period (see Fig. 8-5) 
number of stress cycles at stress fi 
the number of cycles to failure at stress fi 

The total damage accumulated is then: 
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Table 8 compares the predicted and measured stiffness re
ductions for the slamming area hull laminate of J6 and 
Imajination compared to an unfatigued vessel. For reference, 
the global, longitudinal stiffness string test data are also 
shown. 

The correlation is reasonable given the potential variances 
in manufacturing between the coupons and the two vessels 
and the significance of low-cycle fatigue, where the vessels' 
histories are unknown. In the case of J6, if, as seen in the 
flexural coupon studies, a 25% reduction in stiffness signals 
near-term fatigue failure, then some hull laminate failures 
are likely in 4-7 years of use at the current rate. 

Conclusions and recommendations 

The objective of this study was to document, evaluate and 
improve the current methods of fatigue analysis for marine 
composites through a detailed analytical and experimental 
program. Specific conclusions were: 

1. "Traditional" single-value reduction factors on compos
ite material properties for fatigue effects are not appro
priate in most situations. These can lead to unconser
vative designs. For example, using a cumulative FOS of 
four for these materials would be risky as the coupon 
tests showed that stiffness loss over time was evident at 
this stress level. 

2. Four-point bend tests yield acceptable results if the 
laminate is designed for tensile face failure and the 
span is large enough that core shear failure is unlikely. 

3. Effects of long-term moisture exposure cannot be reli
ably predicted through boil tests. In this case the boil 
test led to significant conservatism. For laminates with 
low fiber volumes tensile properties as well as shear and 
compressive properties are effected. Significant differ
ences were seen in the number of flexural cycles to fail
ure, even though the inside surface, which failed first, 
was dry in both cases. 

4. Panel testing can, in some cases, be replicated by finite
element analysis and coupon tests. In cases where FEA 
is planned due to the complexity of structure, panel 
tests may not be needed. In other cases, either FEA or 
panel tests can be used, although FEA offers signifi
cantly greater flexibility at the cost of operator training. 

5. Relatively dense meshes are required to accurately 
model stresses and panel deflections when using linear 
shell elements. For high-cycle fatigue applications this 
is acceptable as in-plane deflections remain in the lin
ear range of composites. Low-cycle applications should 
use a nonlinear modulus profile to accurately model de
flections and stresses. 

6. Linear shell elements can provide accurate results for 
out-of-plane loading, and can be improved by applying a 
single-step, in-plane, added-stiffness approximation. In 
cases where large deformation is combined with multi
axis loading, such as boundary constraints, geometric 
nonlinear analysis is required. 

7. Edge-sealing did not influence moisture absorption 
rates of these uncored polyester laminates. Varnishing 
the edges of balsa-cored laminates prevents moisture 
absorption into the core while not significantly affecting 
stiffness. 

8. The common marine practice of having thicker outer 
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skin laminates can be justified for more than just abra
sion resistance. With reduced strength due to compres
sion and moisture effects, and for practical reasons of 
water integrity, the common practice leads to first fail
ure occurring with tensile failure of the inner skin. 
Similarly, moisture absorption by the outer hull-skin 
did not significantly affect panel bending or strength, 
although it did affect the number of fatigue cycles to 
failure. 

9. A simple, visual clue as to the onset of rapidly increas
ing fatigue failure is the onset of "whitening" of the 
resin. The size of the initial failure spots corresponds to 
the weave crimp dimensions. This could be used by sur
veyors to identify fatigue failure onset. 

10. Stiffness reduction due to fatigue can be significant on 
small craft made of composites. In the case of some 
highly-stressed boats this verifies a commonly held 
opinion of boats going "soft." Design load reduction fac
tors of 4-8 are needed with polyesterlE-glass (mati 
cloth) laminates to avoid service-life stiffness reduc
tion. 

11. Polyester resins, which have failure strains of appro xi
mately 1% are not well matched to E-glass, which has 
a failure strain of nearly 5%. This leads to microcrack
ing at a small portion of the fibers' ultimate strength, 
resulting in large moisture absorption and stiffness 
loss. Better combinations would include epoxy and vi
nyl ester resins that have failure strains of 4-7%. 

12. Standard methods used for fatigue analysis of metal 
vessels can be applied to composite vessels, but unique 
S-N curves must be developed for each laminate. 

13. A "Miner's-type" damage accumulation approach can 
also be applied to stiffness reduction. Like the strength 
reduction, stiffness reduction in marine composites is 
dominated by large amplitude, low-cycle events. A few 
"significant events," such as collisions, can cause the 
same amount of stiffness reduction as thousands of 
waves. 

14. A relatively simple "string" test can be used to check a 
vessel's static stiffness. This also gives a good indica
tion ofthe dynamic global bending stiffness. The string 
test may overpredict the loss of stiffness, however, as it 
also includes the mast and pulpits and their connec
tions to the hull and localized stress risers such as the 
laminate below the mast step and the stem fitting. 

15. The "service-life" of recreational craft is difficult to pre
dict. Designers should realize that some vessels may 
experience 107 significant wave loading cycles. As 
most composite fatigue data only carries to 106 cycles 
this requires a higher safety margin. 

Although this project necessarily looked at a laminate that 
was commonly used 15 years ago, current technology has 
relegated the J/24 materials to low-cost marine applications. 
Follow-up studies should look at generating S-N curves for 
currently used laminates. These would include laminates us
ing woven roving, boat cloth, unidirectionals, epoxy, and vi
nyl ester resins, honeycomb and foam cores, and fabrication 
methods such as vacuum-bagging, SCRIMP, and pre-pregs. 
In particular, epoxy and vinyl ester resins should be explored 
as they appear to have greater fatigue tolerance. 
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